This study investigated the influence of atmospheric pressure plasma treatment on the surface properties and cell response of poly （L-lactide） （PLLA） samples. The samples were analyzed by means of X-ray photoelectron spectroscopy （XPS） , atomic force microscopy（AFM）, micro-and nanosurface roughness, water contact angle, and zeta potential. Furthermore, cell adhesion assay and cell proliferation assay on the samples were carried out using MC3T3-E1 cells. Plasma treatment significantly increased the oxygen content of the samples and decreased the contact angle and zeta potential of the samples, resulting in hydrophilic surfaces. Further, plasma treatment of the samples also enhanced the number and growth of adhering MC3T3-E1 cells. These results therefore indicate that plasma treatment is effective for surface modification and cell responses.
INTRODUCTION
Tissue engineering is a medical engineering technology, which provides cells and physiologically active substances with an appropriate scaffold to start the regeneration and reconstruction of the living organisms and internal organs. Poly （L-lactide） （PLLA） , polyglycolic acid （PGA） , polycaprolactone （PCL） , and their copolymers are synthetic biodegradable materials used in medical, dental, and pharmaceutical applications 1-3） . These polymers are used mainly as screws, pins, and plates for internal bone fixation, and as scaffolds for tissue regeneration 4） . The mechanical properties and degradation rate of the polymers depend on the molecular weight of the polymers 5,6） . PLLA, PGA, and PCL have a hydrophobic property because there are no functional groups in the side chain of the polymers. Therefore, surface treatments of polymers have been explored and investigated to improve cell, tissue, and blood compatibility 7,8） . Amongst the mainstream surface treatment methods of polymers or metals, plasma treatment is one of the leading choices 9） because it is able to change the surface characteristics of polymers without affecting the bulk properties 10-12） . In connection with its vast popularity as a surface treatment method, we reported on the effect of plasma treatment in air, CO 2 and C 3 F 8 gasses on PLLA in terms of surface modification and cell response 13） . The purpose of this study was to examine the influence of atmospheric pressure plasma treatment on the surface properties and cell response of PLLA. This was achieved by using X-ray photoelectron spectroscopy （XPS） , atomic force microscopy （AFM） , micro-and nanosurface roughness, water contact angle, and zeta potential.
MATERIALS AND METHODS

Preparation of PLLA disks
Poly （L-lactide） （PLLA） with average molecular weight （Mw） of 220,000 g/mol and polydispersity （Mw/Mn） of 2.3 was provided by a commercial source（Lacty 5000, Shimazu, Kyoto, Japan）in a pellet form. The PLLA pellets were dried for five hours at 130℃ in a convection oven prior to injection molding. Injection molding employed a plunger-type injection machine（Sulfon-Jet 3000, High-Dental-Japan, Osaka, Japan） . Approximately 20 g of the dried pellets was first melted in a heated cylinder at 215℃ for 30 minutes. Then, the cylinder was quickly placed in the machine, where melted polymer was injected into a stainless steel mold cooled at 4℃ under a 15 MPa injection pressure and held for 10 minutes under a 4 MPa constant pressure. Finally, the samples（PLLA disks of 16.5 mm diameter × 2 mm thickness）were removed from the mold and stored under vacuum until use.
Plasma treatment
Plasma treatment was carried out on a plasma generator （Plasma-Jet, Corotec, USA） using a beam voltage of 10 kV AC and a beam current of 60 mA in air under atmospheric pressure. Plasma exposure conditions were: distance between sample and electrode was 20 mm, traverse speed of sample was 5 mm/sec, and exposure was reciprocated once, twice, or forth.
Surface roughness
Microsurface roughness （center-line average surface roughness, Ra（μm） ）of each sample before and after the plasma treatment was measured using a surface roughness meter （Surftest201, Mitutoyo, Tokyo, Japan） .
Contact angle measurement
Water contact angle on the samples before and after plasma treatment was measured by the sessile drop method using a contact angle meter（CA -W, Kyowa Kaimen Kagaku Co., Tokyo, Japan） . A water drop of 0.3μl was carefully placed on the plate using a microliter syringe.
Seven separate measurements were done to obtain an average value and a standard deviation for the contact angle.
X-ray photoelectron spectroscopy（XPS）
Surface of the samples before and after plasma treatment was analyzed with a X-ray photoelectron spectrometer （XPS-7000, Rigaku Corp., Tokyo, Japan） . Measurement was done under the following conditions: supply source of the excitation X-rays was Mg K, current and voltage for the wide scan spectrum were 5 mA and 10 kV respectively, and the current and voltage for the narrow scan spectrum were 10 mA and 10 kV respectively. Moreover, after adjusting the detection sensitivity of the instrument with a standard sample（Ag）before and after measurement, measurement was done with 15eV pass energy and 0.1 eV step energy. The obtained peak was discriminated into each wave shape, where the atomic ratio of O 1S /C 1S and the functional group（bonding state） were investigated.
XPS analysis of the plasmatreated samples was done 24 hours after the treatment.
Atomic force microscopy（AFM）
The morphology, nanosurface roughness （Ra, nm） , and adhesion force of the PLLA samples before and after plasma treatment were evaluated using a scanning probe microscope（SPM-9500, Shimadzu, Kyoto, Japan） in contact and tapping modes using silicon nitride tips.
Zeta potential measurement
Zeta potential of the samples before and after plasma treatment was determined with an electrophoretic light scanning apparatus （ELS-8000, Otsuka Electronics Co., Osaka, Japan）in a flat plate cell.
Cell culture
Mouse osteoblast-like MC3T3 -E1 cells were obtained from the Cell Bank（Riken Cell Bank, Japan） . The cells were maintained in Dulbecco's Modified Eagle's Medium （DMEM, Gibco, USA） supplemented with 10％ fetal bovine serum （FBS, Valley biomedical, Japan）and 50 IU/ml of penicillin-streptomycin（PS, Shigma, UK）and incubated in a humidified atmosphere of 95％ air and 5％ CO 2 at 37℃.
Cell adhesion assay
The PLLA disks placed in 24-well plates were sterilized by ethylene oxide gas using an automatic sterilizer（YS-A-C44E, Yuyama, Japan）before use. Cell suspension（5×10 5 cells in 2 ml of culture medium） was seeded onto the disks, and then incubated for three hours at 37℃ in a humidified atmosphere of 95％ air and 5％ CO 2 . After the suspension was removed and the disks rinsed with a phosphoric acid buffer solution （PBS, Gibco, USA） , adhered cells were stained with 0.04 wt％ crystal violet solution （100μl）for 10 minutes and thoroughly rinsed with PBS and water to remove excess dye. The stained cells then dissolved with 0.2 wt％ Triton X for one minute. After which, the optical density（OD）of the lysates was measured at 590 nm against a 490 nm reference using an automatic microplate reader（MTP-32, Corona Electric, Japan） .
Cell proliferation assay
The PLLA disks placed in 24-well plates were sterilized by ethylene oxide gas using the automatic sterilizer before use. Cell suspension（1×10 4 cells in 2 ml of culture medium）was seeded onto the disks, and then incubated for 0 to three days under the conditions of 5％ CO 2 , 95％ air, and 37℃. The number of cells was evaluated after 1, 2, and 3 days as follows: 10 μl of the working solution containing WST-1 （Dojindo Laboratories, Kumamoto, Japan）was added to each well; then, the plate was reincubated for three hours in the 5％ CO 2 incubator. Absorbance of each well was measured at 475 nm, with the reference wavelength at 630 nm, by the microplate reader.
Statistical analysis
The mean value and standard deviation of the obtained data were calculated, and the significance test was done using the analysis of variance（ANOVA） . Calculated values were then statistically analyzed at a significance level of 5％ by the Fisher's multiple comparison test. Different letters in the tables and figures indicate significant differences.
RESULTS AND DISCUSSION
Water contact angles and microsurface roughness values of PLLA samples before and after plasma treatment are shown in Table 1 . The average contact angle of the control PLLA sample without plasma treatment was measured as 77.4± 5.2°. After the plasma treatment was reciprocated once, twice, and forth, the contact angles of the samples were 39.8± 2.6°, 37.6±2.1°, and 37.1±2.2°respectively. Signifi-cant differences（p＜0.01）were observed between the control and plasma-treated samples. It could thus be seen that plasma treatment had caused a reduction in contact angle due to the increased hydrophilicity of the surfaces. As for the microsurface roughness of PLLA samples, values of the control, one round-trip, two round-trip, and four round-trip plasma treatments were 0.03±0.01, 0.05±0.01, 0.14±0.05, and 0.16±0.04 μm respectively. Significant differences （p＜0.01） were observed between the control or one round-trip plasma-treated samples and the two round-trip or four round-trip plasma-treated samples. Fig. 1 shows the XPS wide and narrow scan spectra of the surface of PLLA samples before and after plasma treatment. The XPS wide scan spectra show carbon, nitrogen, and oxygen peaks at binding energies of 285, 400, and 532 eV respectively. The C 1S narrow spectra of the PLLA samples before and after plasma treatment reveal the presence of four peaks corresponding to C-H group （285.0 eV） , C-O group （286.5 eV） , C＝O group （288.0 eV） , and O-C＝O group（289.1 eV） . Compared to the control, plasma treatment effectively increases the concentration of oxygen-containing functional groups on PLLA surface （Table 2） . Based on the XPS spectra results, the O 1S /C 1S ratio of the PLLA samples increased with the plasma treatment -chiefly due to the increased concentration of C＝O and O-C＝O groups on the PLLA surface. We consider that active radicals increase the oxygen-containing functional groups on the PLLA surface when exposed to air plasma 13） . Further, plasma treatment intensified the zeta potential by the accumulation of negative charges（Table 3） . These results indicate that plasma treatment of PLLA effectively change the surface characteristics, such as contact angle, O 1S /C 1S ratio, and zeta potential.
Significant differences were seen in AFM images between the control and plasma-treated PLLA samples（Fig. 2） . The PLLA surface after plasma treatment showed periodic cone-like structures in the AFM images（Figs. 2b -2d） . Although the height of cones on the plasma-treated PLLA surface did not change with the number of plasma treatments, the number of cones decreased with increasing frequency of plasma treatment.
The fine structure is an evidence of gas plasma etching. In terms of surface roughness at micro-level, there were no large variations only between the control and one round-trip plasma-treated PLLA sample（as shown in Table 1） . However, at nano-level, there were no changes in surface roughness among all PLLA samples before and （a）control;（b）one round-trip;（c）two round-trip;（d）four round-trip.
after the plasma treatment. In terms of adhesion force, that of plasma-treated PLLA samples was about five times larger than that of the control （Table 3） . Adhesion force is a measure of the surface energy of a sample. Cell adhesion and growth on plasma-treated PLLA surfaces were more active than on the control （Figs. 3 and 4） . The number of adhered cells on plasma-exposed PLLA samples increased as the following parameters increased: amount of functional groups containing the CO group, O 1S /C 1S ratio, and adhesion force. On the other hand, cell adhesion increased with decrease in zeta potential and water contact angle. It appears that the water contact angle of PLLA samples is inversely proportional to the O 1S /C 1S ratio（Tables 1 and 2）and adhesion force （Table 3） . It seems that surface wettability of PLLA plays an important role in cell adhesion and proliferation. It has been reported that sample surface roughness or nanoscale substrate topography has direct impact on cell response 14-16） . According to AFM observation, however, the nano-level surface roughness of plasma-treated PLLA samples before and after plasma treatment was almost the same as that of the control. These results therefore suggest that micro-and nanosurface roughness had no direct impact on cell response. Nonetheless, the results of this study clearly demonstrate that plasma treatment induces favorable cell response.
CONCLUSIONS
The influence of atmospheric pressure plasma treatment on the surface properties of and cell response on PLLA was investigated using X-ray photoelectron spectroscopy （XPS） and atomic force microscopy （AFM） . As a result, micro-and nanosurface roughness, water contact angle, and zeta potential were assessed. The results indicated that plasma treatment could modify the morphology, water contact angle, O 1S /C 1S ratio, and zeta potential of the PLLA surface. Further, it also appeared that the water contact angle of PLLA samples was inversely proportional to both O 1S /C 1S ratio and adhesion force. Taken together, these results showed that plasma treatment was effective for surface modification as well as in inducing favorable cell response. 
